SU-8 has become the favourite photoresist for high-aspect-ratio (HAR) and three-dimensional (3D) lithographic patterning due to its excellent coating, planarization and processing properties as well as its mechanical and chemical stability. However, as feature sizes get smaller and pattern complexity increases, particular difficulties and a number of material-related issues arise and need to be carefully considered. This review presents a detailed description of these effects and describes reported strategies and achieved SU-8 HAR and 3D structures up to August 2006.
Introduction
Lithography consists of the transfer of a pattern onto a substrate by means of an etching process (figure 1). Resist lithography makes use of an irradiation source and a photosensitive polymer material to perform the pattern transfer. Selective irradiation initiates a series of photochemical processes in the resist which alter the physical and chemical properties of the exposed areas such that they can be differentiated in a subsequent image development step. Most commonly, the solubility of the film is modified by either increasing the solubility of exposed areas (yielding a positive image after develop) or decreasing the solubility to yield a negative-tone image. Development of the imaged substrate reveals a pattern on the resist layer which corresponds to the geometry of the mask.
Pushed by the electronic industry, most developments in lithography have mainly been directed at shrinking the lateral dimensions of the imaged features [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The application of different resolution enhancement approaches (illumination sources with shorter irradiation wavelength, projection and immersion optics, phase-shifting masks, etc) and the development of advanced photoresist materials have permitted a reduction of lithographic structures down to sub-100 nm dimensions. Current trends have been predicted to improve shrinking to at least 45 nm in the year 2010 [5] .
Only recently has attention been paid to the extension of lithographic 2D micro and submicron structures to the third dimension.
HAR and 3D surfaces have become interesting for the fabrication of high luminosity lighting panels and photonic crystals [11] [12] [13] [14] [15] [16] . When combined with low cost replication methods, HAR and 3D structured surfaces enable fabrication of biosensors with increased sensitivity and throughput due to their high effective surface area [17] [18] [19] [20] [21] [22] . Miniaturized drug delivery systems [23] , advanced scaffolds for tissue engineering [24] [25] [26] [27] [28] [29] [30] [31] [32] , non-biofouling coatings [33] [34] [35] or bioinspired surfaces with controlled adhesion and haptic properties [36] [37] [38] [39] constitute other examples of appealing applications.
Resist materials for lithography must satisfy stringent requirements as the lateral feature size shrinks and the aspect ratio increases [40] . A suitable viscosity is of particular importance in order to balance opposite requirements involved in different processing steps. Low viscosity facilitates coating of uniform, defect and stress free films and, later on, removal of unsolidified resin during development. However, high viscosity is required for reducing the lateral flow and obtaining stable thick resist films needed in HAR patterning. The resist must also possess high polymerization efficiency upon light irradiation and adequate reactivity at the irradiation wavelength to achieve high contrast, high resolution and high sensitivity. A high Young's modulus after processing is important to guarantee mechanical stability of the lithographic structures. Low shrinkage during polymerization is necessary for dimensional accuracy and to avoid film stress. Good wetting and adhesion of the resist to various substrates, good solubility in safe solvents for development, high thermal stability, good storage stability, low health and environmental hazards, wide process latitudes and low price are also required.
There are a number of commercially available photoresists suitable for HAR applications.
Diaplate and Ordyl P-50100 are acrylate-based negative photoresists. A positive variant is the novolak resin SPR 220-7. These systems are commercialized in solution form for spin-coating applications. Alternatively, thick photoresists are available in dry film format, such as Riston R . Some advantages and disadvantages of each system have been recently described [46] . Undoubtedly, the favourite photoresist for HAR lithography is SU-8 [47] . Although initially formulated for photolithography, the use of SU-8 has now been successfully extended as a resist for x-ray, e-beam and two-photon lithography. Its high chemical and mechanical stability after processing enables direct application of SU-8 as a mould material for the fabrication of electroplated structures (LIGA technology [48] [49] [50] [51] ), and for soft lithography with thermosetting elastomers, for example in PDMS-based microfluidics [18] . It can also be used as a mask for prolonged reactive ion etching of an underlying Si wafer, leading to features with higher aspect ratios and vertical sidewalls.
Lithographic fabrication of SU-8 low-aspect-ratio millimetre and micrometre-sized structures is now well Figure 2 . Chemical structure of the Bisphenol A Novolak epoxy oligomer contained in SU-8 formulations. Eight reactive epoxy functionalities allow a high degree of cross-linking after photoactivation.
established. However, HAR processing still faces important challenges, especially when lateral feature dimensions are shrunk. A good number of works have been recently published which deeply analyse processing problems, and clever solutions have been proposed. The following sections present an overview of the characteristics, processing particularities and structures obtained with this resist.
Chemical characteristics of the SU-8 photoresist
SU-8 is a negative tone, chemically amplified resist. It contains acid-labile groups and a photoacid generator. Irradiation generates a low concentration of a strong acid which will act as a catalyst of the cross-linking process. Subsequent heating of the polymer activates cross-linking and regenerates the acid catalyst. As a consequence, the sensitivity of the resists is significantly increased. In particular, the main components of SU-8 are a Bisphenol A Novolak epoxy oligomer (EPON R SU-8 resin, Shell Chemical) and up to 10 wt% triarylsulfonium hexafluroantimonate salt (CYRACURE R UVI, Union Carbide) photoacid generator. Upon irradiation, the photoacid generator decomposes to form hexafluoroantimonic acid that protonates the epoxides on the oligomer. These protonated oxonium ions are available to react with neutral epoxides in a series of cross-linking reactions after application of heat [52] . Each monomer molecule contains eight reactive epoxy sites (figure 2), and therefore high degree of cross-linking can be obtained after photothermal activation giving a negative tone. This results in high mechanical and thermal stability of the lithographic structures after processing. In fact, fully cross-linked SU-8 has a glass-transition temperature around ∼200
• C, degradation temperature ∼380
• C and a Young's modulus E ∼4-5 GPa (table 1) .
The first SU-8 products were introduced commercially by MicroChem in 1996. The resist is available in a wide range of formulations to cover a film thickness range from 2 to 300 µm in a single coating process or to 3 mm by multicoating processes [53] . The SU-8 series is formulated with gamma-butyrolacton as a solvent. SU-8 films with thickness below 2 µm can be obtained by diluting the resist solution with the solvent. More recently, a new generation of SU-8 resist, the SU-8 2000, has also become commercially available. This series is formulated with cyclopentanone as solvent and has improved coating and adhesion properties and faster processing times. This is particularly important in thick coatings, where one photolithographic cycle may take more than 2 h. Table 2 shows the typical values of the processing parameters for the commercially available variants.
Lithographic processing with SU-8
Processing of SU-8 starts by selecting the adequate commercial variant attending to the desired thickness. Available formulations cover the range from 2 to 250 µm. These can be spin-coated at 1000-3000 rpm depending on the formulation viscosity. If film thicknesses below 5 µm are required, previous dilution of the thinnest formulation is required. Films with thickness between 250 µm and 1 mm can be obtained by superposing several spin-coating steps. Films thicker than 1 mm are usually obtained by casting.
Good wetting of the substrate by SU-8 is crucial for obtaining homogeneous and stable coatings. This is determined by the substrate surface energy. Being an organic material, SU-8 is rather hydrophobic (contact angle of cured resin 73
• ), and therefore has difficulties in wetting hydrophilic inorganic substrates, i.e. oxidized silicon wafers. A comparative analysis of the adhesion between SU-8 and different substrates (Si, FeNi, Ni, Cu, Cr, Ti and their oxides) [54] [55] [56] [57] . Wetting can be improved by applying commercial primers to the inorganic substrate before spin coating SU-8. Primers (HMDS, MPTS, OmniCoat from Microchem Inc.) are low molecular weight organic substances which either strongly adsorb or react with the inorganic surface forming a thin organic layer with lower surface energy which can then be wet by SU-8.
After the coating process, the substrate is soft baked in order to remove the solvent and improve resist-substrate adhesion. This process is accompanied by shrinkage of the film. Soft baking is typically performed by progressive heating the SU-8 film up to 95
• C on a flat-levelled hotplate. Higher soft-bake temperatures (T > 137
• C) may initiate thermal cross-linking even if photoactivation has not taken place [58] . Lower temperatures or short times leave resist films with a high solvent content which will evaporate and therefore generate high film stress during post-exposure baking.
Exposure is typically performed by masked irradiation with a UV lamp or by scanning lasers at wavelengths above 350 nm. Resist's UV absorption at these wavelengths causes a non-uniform light intensity distribution across the resist film. This can be critical in thick layers used in HAR patterning and may result in lithographic features with pronounced Tprofiles and non-vertical sidewalls. These problems can be avoided using other irradiation sources, such as x-rays, electron beam, proton beam or scanning pulsed femtolasers working at suitable wavelengths for two-photon excitation.
After irradiation, a post-exposure bake increases the crosslinking degree in the irradiated areas and stabilizes them against the action of solvents during the posterior development step. Development is performed by immersing the substrate in propylene glycol methyl ether acetate at room temperature, followed by a rinsing step in water or isopropanol. For applications where the imaged resist forms part of the final device, a subsequent hard-baking step at temperatures between 150 and 200
• C is recommended. Removal of SU-8 (if necessary) can be performed in hot 1-methyl-2-pyrrolidon, followed by cleaning in HNO 3 for 10 min. However, removal with this solvent after hard baking does not work properly as a consequence of the high crosslinking degree. In such case, removal needs to be performed by reactive ion etching or laser micromachining.
Particularities of HAR lithography with SU-8
The processing steps described in the previous section represent the standard SU-8 lithographic procedure. However, processing thick SU-8 films for HAR patterning has particular difficulties which will be discussed in the next sections.
Planarization defects
Although SU-8 is specially engineered to render planar surfaces after spin coating, planarization defects occur when the viscosity of the resist solution (and therefore the spin-coated resist film) increases. Typical flatness errors for the SU-8 system range from 10 to 100 µm in resist thickness around 1 mm [59, 60] . Other factors such as spinning rims at the wafer edge ('edge beads'), unintentional tilt, dirt particles, curvature of the substrate or mask, etc, also contribute to reduced surface flatness.
Leaving the film to relax on a very flat-levelled position for several minutes to hours allows reflowing and enhances planarization. Mechanical stress generated during spinning may be also alleviated during this time. Large edge beads may not reflow completely and need to be removed by bevelling the edges of the substrate, spraying the periphery of the substrate with solvent or spraying the removal fluid on the bottom side of the substrate. Alternatively, the use of new spinning technologies can also minimize the edge bead and improve the uniformity of SU-8 thick films. As an example, using a closed chamber around the chuck of the spin coater which rotates with the wafer excludes air turbulence and results in more uniform coatings (GYRSET system from SÜSS Microtech, Germany [61]).
In contact lithography, flatness errors hinder conformal contact of the mask and resist during irradiation. The resulting air gaps cause diffraction effects (Fresnel diffraction). This result in pattern edges being irradiated with higher doses and, consequently, pattern enlargement at the top of the features (T-profile). The diffraction error increases with increasing resist thickness and gap distance. Figure 3 shows the effects of Fresnel diffraction for different gap distances and exposure doses [62, 63] . Whereas vertical sidewalls were obtained under conformal contact, remarkable T profiles were seen with increasing gap distance. Asymmetrical air gaps (tilted mask on the surface of the photoresist) caused asymmetrical T-profiles with overhanging rims in only one side of the feature. Estimation models have been recently proposed to predict the sidewall profiles of SU-8 based on the effects of Fresnel diffraction and absorption [63] .
Different methods have been used to reduce diffraction effects. Placing a soft cushion beneath the substrate causes convex bending of the wafer and improves conformal contact when large edge beads are present (figure 4) [64] . This method has permitted patterning of 4 in wafers with 145 µm thick and 80 µm wide SU-8 bars separated by 8 µm wide microchannels (aspect ratio > 18) [64] . The diffraction error can also be corrected by filling the gap between the mask and photoresist with an index match material (refractive index of SU-8: n = 1.668 at λ = 365 nm, n = 1.650 at λ = 405 nm [47]). Filling with glycerol (refractive index 1.470-1.475) has shown to improve pattern fidelity [60] . Exposure of a 156 µm thick SU-8 film to irradiation through a 25 µm striped pattern and a 100 µm air gap resulted in a 45% pattern width error. Filling the gap with glycerol compensated diffraction effects, and straight walls without appreciable error were obtained [60] . Perfect match of the refractive index of the liquid and the SU-8 further reduces diffraction effects. Using Cargille refractive index matching liquid, patterns with feature size 6 µm, 1150 µm high (aspect ratio > 190) and high quality sidewalls have been recently reported (figure 5) [59] . Microstructures with a thickness up to 2 mm could also be fabricated [59] .
Film stress and solvent gradients
Solvent removal during soft baking is accompanied by volume shrinking and mechanical stress. The accumulated stress increases with increasing film thickness and feature lateral dimensions and may result in debonding of the resist layer from the substrate if adhesion is weak. Recent studies have demonstrated that the soft-baking time is the major factor contributing to the overall film internal stress during processing (up to 50%), followed by exposure dose, post-exposure bake time and development time with a 30, 15 and 5% contribution, respectively [65] .
The soft-baking time determines the final solvent content of the resist. Short soft-baking times leave a softer resist film which is less prone to internal stress during subsequent processing steps. However, high levels of solvent after soft baking may result in (1) formation of bubbles during post-exposure baking, (2) collapse of features due to lower mechanical stability at the bottom because of the higher solvent content and (3) increased lateral diffusion rates of the acid generator molecules outside of the masked areas during postexposure baking and therefore lower contrast between crosslinked and un-cross-linked areas [66] . If the resist is too hard, cross-linking in the irradiated areas will be hindered. Consequently, the optimum soft-baking time needs to be optimized for each particular thickness and application. In SU-8 films with thicknesses above 1 mm obtained by single casting, soft baking typically takes 10-30 h depending on the film thickness. Residual solvent after soft baking single cast SU-8 films of 1 mm on a hot plate represents on average 7%. Solvent content in 3 mm thickness represents 12% [67] . Two strategies have been proposed to reduce the solvent content of such thick films: multiple casting and dry casting. In the multiple casting method, a 1 mm thick layer of SU-8 is soft baked until a solvent content of 7% is reached. Next, a new layer of SU-8 is cast on top of the previous layer, and soft baking is repeated. The procedure is repeated until the desired height is reached. It is expected that minimal diffusion of solvent occurs from the added layer into the already softbaked layer and, as a result, solvent content would be reduced. However, the results show an average solvent content of 9% in a 3 mm film after three coating steps and 45 h soft-baking time. In the dry chip casting method, a 1 mm layer of SU-8 is first soft baked, cut into pieces and reconstituted to form a thick SU-8 film. Reconstitution is performed at 105
• C, where SU-8 is melted, and in vacuum. 3 mm SU-8 films fabricated by this method have average solvent contents of about 7%.
The distribution of solvent across the film thickness is another crucial factor [68] . In single cast 2 mm thick films, the solvent content varies typically from 10.4% at the top and 5.4% at the bottom of the resist film. Solvent evaporation during soft baking is diffusion controlled. The evaporation rate is determined by the diffusion coefficient of the solvent in the resist, which increases exponentially with increasing temperature and free volume. The free volume is determined by the amount of retained solvent, which acts as a plasticizer. At the beginning of the soft baking, the solvent evaporates quickly because of the very high solvent concentration. The diffusion coefficient is large enough to evaporate solvent from the bottom of the film and, therefore, there is no significant solvent gradient across the film thickness. The evaporation rate decreases gradually as the solvent content decreases and, consequently a solvent gradient appears in the film. If the soft-baking temperature is high, the solvent near the surface is evaporated completely while the solvent level of interior is still high. A 'skin' of dried, glassy polymer appears on the film and hinders diffusion of the solvent from the interior.
Solvent gradients become more pronounced as the thickness is increased. The length scale of diffusion of the solvent during the soft baking becomes so large that the solvent trapped below the surface cannot escape easily. Furthermore, the problem is not necessarily solved by extending the time of the soft bake indefinitely because, eventually, the level of cross-linking that occurs during the soft bake (albeit at a very low rate) will reach an unacceptable level whereby the SU-8 can no longer completely develop [66] .
Solvent content and solvent gradients may also vary depending on the equipment used for soft baking [69, 70] . Two baking methods are commonly used: hot plates and ovens. In an oven, the resist is uniformly heated by convection from all sides. Skin formation on the resist surface is often observed, which reduces further solvent evaporation. This phenomenon can be avoided by hot plate baking. Here, the resist is heated from below by heat conduction, and a temperature gradient develops in the resist layer (higher temperature at the bottom of the resist). This has a favourable effect in thinner resist layers (convection, quicker solvent remove). However, for large thickness a uniform bake of the layer is not possible anymore.
Infrared irradiation has also being used for soft baking [69] . This method allows a more uniform heating of the resist layer, permits lower soft-baking temperatures and shorter baking times, and yields patterns with lower residual stress and, consequently, higher aspect ratio.
Resist UV absorption
As a photosensitive organic material, SU-8 absorbs light in the UV range ( figure 6(a) ) [59] . Absorption increases progressively during exposure due to the chemical changes induced during photoactivation ( figure 6(b) ) [71] . Consequently, there is a gradual light intensity drop across the film thickness when an UV beam penetrates the resist layer from the top to the bottom, and this drop becomes more pronounced during exposure. This results in the top part of the resist being irradiated with higher dosage as the bottom part, and generates T-profiles instead of vertical profiles in photolithographic SU-8 structures.
The UV absorption spectrum of the unexposed SU-8 resist shows much higher absorbance at shorter wavelengths than at longer wavelengths. In addition, the absorbance change during exposure is also more pronounced at short wavelengths. This means that the longer wavelength components of the irradiation source penetrate further down and expose the bottom part. For this reason, it is recommended to filter out the wavelengths below 365 nm during exposure. PMMA filters have shown the best performance [59] .
In particular cases, the high absorption of the short UV wavelengths can be advantageous [72] . Freestanding structures on the top of SU-8 pillars have been realized by first exposing a layer of SU-8 at 365 nm to generate the pillars and subsequently exposing a second SU-8 layer to 313 nm UV to generate the overhangs. Under these conditions, only the second SU-8 layer is photoactivated in the second exposure and the underlying photoresist can be removed during development.
Long development times
Pattern development involves diffusion of developer molecules into the non-cross-linked SU-8 regions and diffusion of solvated polymer chains out of them to the developer solution. The time required for development is determined by the exposure dose, soft-baking time and temperature, the temperature and agitation during development and the geometry of the pattern. HAR features such as narrow and deep holes, tubes, or horizontally orientated long channels are more difficult to develop. This process, if possible at all, may take many hours and cause dramatic damage of fine features as a consequence of swelling of cross-linked regions or debonding of the resist layer from the wafer.
Development has been accelerated by moderately increasing the temperature of the developing solution, by reducing the exposure time and consequently the cross-linking degree or by agitation [73] . Stirring of the developer solution enhances diffusion, which increases the development rate. Downward orientation of the wafer during stirring has been demonstrated to improve development of HAR structures, as it allows gravitational forces to aid in the removal of resist [74, 75] . Stirring during development is not always beneficial. Strong stirring may cause HAR structures to deflect in the pressure gradient and this may lead to pattern deformation, debonding, adhesion between nearby structures and finally pattern loss. Sonic development in its two categories, ultrasonic and megasonic, can be applied to solve this problem. Ultrasonic development uses frequencies in the kilohertz range to agitate the developer. This increases the pressure at the resist surface and accelerates diffusion and development. However, ultrasonic waves also cause vibrations in the pattern structure which may result in cracking and debonding over time. For this reason, ultrasonic baths are not always beneficial in HAR processing.
Megasonic agitation, which uses frequencies well above the vibrational modes of the resist structures (typically 1 to 10 MHz), has been proved to be more effective. SU-8 structures ranging from 20 µm to 1.5 mm in height and with aspect ratios up to 50 by optical and well over 100 by x-ray lithography have been reported [76, 77] . Conventional development restricted the feature's aspect ratio to 30. Parameters such as damping capacity, agitation power density, orientation of the sonic wave relative to the features and substrate may also influence the process but have not yet been considered.
Collapse of structures during rinsing
As the AR of the features increases and their lateral size decreases, collapse of the SU-8 pattern becomes an important problem. Collapse occurs when the adhesive forces between the features in contact overcome the forces required for bending them. Simple mechanical calculations have established the dependence of pattern collapse on Young's modulus of the resist material, its surface energy and the pattern geometry (height, width and interfeature distance) [78] . The maximum AR achievable increases with increasing SU-8 stiffness, decreasing SU-8 surface energy and increasing feature spacing. Increasing SU-8 stiffness may be performed by adding inorganic fillers to the resist formulation. However, composite SU-8 exhibits higher viscosity and this may worsen planarization properties. Alternatively, the cross-linking degree may also be increased, although this may result in higher volume shrinkage and increased film stress. Recently, collapse has been prevented by reinforcing the SU-8 HAR structures through 'bridges' which prevent them from lateral bending [79] . Figure 7(c) shows an example.
In lithographic processing, there is a more dramatic reason for pattern collapse. It occurs during development and rinse, and is a consequence of the capillary forces acting on the resist walls during solvent evaporation and causing bending and stiction of neighbouring features [6, [80] [81] [82] [83] (figure 7). Capillary forces increase with increasing surface tension of the rinsing liquid and decreasing contact angle between liquid and resist (i.e. increased wetting of the resist by the liquid) [84] . for isopropanol) has been proposed as an alternative to avoid collapse during drying [85] . However, this method has been rejected by other authors because of the strong wetting of SU-8 by isopropanol (contact angle, θ = 20
• for isopropanol and 81
• for water). Other low-surface-tension solvents such as perfluorohexane (10 mN m −1 ) have also been suggested [86, 87] . However, these solvents lack compatibility with SU-8 processing chemicals (perfluorocarbon solvents have poor miscibility with the developer and rinse solution). Furthermore, the finite value of its surface tension is still not sufficient to prevent pattern collapse in nanolithography, even though it is so small.
Freeze drying offers another alternative, but this process requires large processing times [88] . Supercritical drying using CO 2 after replacement of rinsing water (insoluble in CO 2 ) by alcohols (soluble in CO 2 ) provides another route for preventing collapse. In a supercritical liquid, the surface tension becomes negligible and the capillary force is nonexistent. However, special equipment to withstand high pressures and elevated temperatures is required [87] . This factor renders this method not universally applicable for wet processing.
HAR patterns obtained from SU-8

By UV exposure
Optimized UV lithography conditions have afforded line patterns with aspect ratios up to 20 from SU-8 films with thickness ranging from 200 to 700 µm [89] . Isolated SU-8 structures with up to 1.5 mm height and aspect ratio 15 have also been reported [90] [91] [92] . Carefully optimized post-baking conditions have improved the aspect ratio of isolated structures with 1150 µm height up to 40 [93] .
By x-ray exposure
X-rays are a quite convenient exposure method for HAR lithography, although the difficult access to synchrotron radiation strongly restricts the use of this lithography to the broad public. Due to their short wavelengths (7-12Å), x-rays are able to deeply penetrate thick photoresist layers without being absorbed by the material and create HAR structures with vertical sidewalls. In fact, SU-8 pillars with an 8 µm diameter and aspect ratio up to 100 have been reported [94] .
SU-8 shows high sensitivity to x-rays and therefore requires low exposure times for patterning [95] . However, the high-energy x-ray irradiation induces fluorescence when it penetrates the resist, which can travel laterally into the masked areas and initiate cross-linking of SU-8 [96, 97] . This causes blurring of the transferred pattern and decreases lateral resolution. Better pattern definition has been achieved when the resist is left in oxygen atmosphere (or in air) for some hours before soft baking [96, 97] . This has been explained as a consequence of oxygen molecules diffusing in the film and inhibiting the subsequent photochemical reaction. Oxygen is a strong free-radical scavenger and kills the free radicals generated by fluorescence in the masked areas, providing a better pattern definition.
By electron beam lithography
Although SU-8 was initially developed for optical lithography, it is increasingly used as highly sensitive negative-tone ebeam resist for nanopatterning. SU-8 offers higher sensitivity (typically 150 times higher) and therefore faster exposure and throughput than traditional PMMA-based e-beam resists. A comparison of the performance of SU-8 in e-beam lithography against other negative-tone resists has been recently reported [98] . Note that the electron-beam radiation chemistry can differ substantially from the photolytic path, and there is poor correlation between photosensitivity and e-beam sensitivity.
The small penetration depth of low energy electrons restricts the use of e-beam patterning to resist thickness below 200 nm and therefore limit the AR of the patterned features. There are no commercial formulations of SU-8 for this thickness regime and typically the SU-8 formulation with the lowest solid content is thinned with cyclopentanone solvent to obtain solid content values ∼5% and thicknesses below 200 nm [99] .
Another limitation of e-beam patterning is that the spatial distribution of electrons at the resist interface is not confined to the diameter of the primary electron beam. Instead the impinging electrons scatter and expose resist molecules much further from the point of impact, leading to a loss in resolution known as 'proximity effect'. Electron wavelengths on the order of 1Å can be easily achieved, but electron scattering limits the attainable resolutions to >10 nm. In the case of SU-8, being a chemically amplified resist, pattern broadening also occurs as a consequence of the diffusion of the photoacid generator during post-exposure baking. In spite of these limitations, linewidths down to 70 nm with a pitch of 300 nm in a 200 nm thick SU-8 layer [100] , linewidths down to 30 nm in a 150 nm thick SU-8 layer [101] and even sub-30 nm lines with a pitch down to 300 nm in a 100 nm thick SU-8 layer [99] have been achieved.
By proton beam lithography
High-energy ions, such as Ga + , H + or He + , are able to deeply penetrate a resist material with well-defined paths. During its trajectory in the material, the probability that an ion interacts with an electron is several orders of magnitude larger than for nuclear scattering. Because of the high mismatch in mass between the ion and the electron, ion-electron interactions do not result in any significant deviation in the trajectory of the ion from the straight-line path. These features allow ion beam writing to fabricate HAR structures with smooth and vertical sidewalls and high packing densities [102] . The penetration depth depends on the ion energy. The minimum lateral size of the pattern is mainly determined by the size and shape of the beam spot.
A 2.5 MeV proton beam focused to sizes between 1.5 and 2.5 µm was used to expose SU-8 with thicknesses between 5 and 95 µm [103] . Posts with 1.5 µm in diameter in 40 µm resist layers were obtained. Lines with 60 and 120 nm width supported by pillars with 2 µm diameter have also been written in 10 µm thick SU-8 films. This configuration ensures the integrity of the narrow walls with aspect ratio >160 during development. AFM characterization of the roughness of these structures gave a sidewall roughness of 2.5 nm [104] .
HAR voids of 100 nm width and 2 µm depth have also been obtained by proton beam lithography in SU-8 [105] . Tilted structures with sub-micrometre resolution were also fabricated by varying the incidence angle of the ions [106, 107] .
3D patterns obtained from SU-8
Several methods have been developed to lithographically fabricate 3D structures from SU-8 films.
The most straightforward strategy is based on layer-by-layer processes where multiple coating/irradiation steps are concatenated or iterated, each of them defining structures at different levels. In order to minimize the number of processing steps required in the layer-by-layer approach, new strategies with intrinsic 3D structuring capability have been developed.
By layer-by-layer multiexposure
Lithographic fabrication by superposition of SU-8 coating and irradiation steps enables 3D fabrication using traditional 2D setups and alignment markers on the mask for guiding • C and 12 min at 95
• C, slow cooling, exposure 32.5 s with soft contact using a Karl Süss MJB 3 Mask Aligner, hard bake 1 min at 65
• C and 4 min at 95
• C, slow cooling, development 5 min; spin coating second layer 5 s at 500 rpm and 60 s at 1750 rpm, soft bake 3 min at 65
• C and 7 min at 95
• C, slow cooling, exposure 23 s in soft contact mode, alignment of base and top layer using optical microscope and alignment markers in the mask, hard bake 1 min at 65
• C, slow cooling, development 10 min, second hard bake 30 min at 150
• C followed by slow cooling.
superposition. Figure 8 shows a schematic of the process and an example of SU-8 patterns obtained by this method. More complex variants combine double-side exposures, sacrificial photoresist layers and antireflective coatings with multiexposure [108] . Depending on the final geometry of the pattern, SU-8 development needs to be performed after each irradiation step, or can be left to the end and performed in a single step. In the case of HAR structures, single development is specially recommended because of the risk of pattern collapse during drying and the difficulty of achieving planar resist layers over underlying HAR topographies. Using this method, SU-8 hierarchical patterns comprising features with lateral dimensions ranging from 5 µm to 2 mm and heights from 10 to 500 µm have been reported. In order to reduce film stress and avoid SU-8 cracking during the multicoating processing, SU-8 resists of different viscosities (SU-8 2100 and 2010) were sequentially processed and simultaneously developed [109] .
3D structures with overhanging features have been fabricated by layer-by-layer exposure through contact printed shadow masks which were embedded into the SU-8 multilayer [110] . The mask protected buried resist from subsequent UV exposure and enabled fabrication of 4 µm thick and 100 µm long cantilevers integrated into a microfluidic device (figure 9).
By inclined/rotated lithography
In conventional lithography the mask and the resist film are perpendicularly aligned with respect to the irradiation source. The light is shadowed by the mask for a one-to-one projection of the pattern on the resist, resulting in vertical, binarycontrast, lithographic profiles. By tilting the mask and resist film with respect to the beam using a tilting stage, inclined structures have been produced [111] . Oblique SU-8 cylinders, embedded channels, bridges, V-grooves and truncated cones with aspect ratios >4 have been fabricated using 100 µm thick SU-8 layers and a conventional UV mask aligner ( figure 10(a) ) [111] . Multiple inclined UV exposures along different axes can be exploited to generate complex 3D structures ( figure 10(b) ) [22, 111, 112] . Tilted exposure can also be combined with vertical exposure to create asymmetric pillars with vertical and inclined sidewalls [113] .
The fabricated structure angle after tilted exposure is different from the exposure angle due to different refractive indices of SU-8, mask and air (n air = 1, n glass = 1.47, n SU-8 = 1.668 at λ = 365 nm and 1.650 at λ = 405 nm) [114] . Structures with smaller tilt angles than the exposure angle are obtained as a consequence of the refraction of the incident UV light at the interface of each material. For example, a light beam projected on the resist at 45
• propagates at an angle of 25.24
• . This imposes a theoretical limit of the fabricated structure angle which is 38.7
• for a maximum exposure angle of 90
• . In order to improve maximum angle, the mismatch of the refractive index between exposure medium and SU-8 should be compensated. This has been achieved by using either glycerol (n glycerol = 1.47) or water (n water = 1.3) as exposure medium instead of air [115, 116] . As a result, the maximum angle of the inclined structure has been increased to 56.2
• . If the photomask-and photoresist-coated substrates are tilted and simultaneously rotated during irradiation, tapered structures with non-vertical sidewalls can also be generated ( figure 10(c) ) [111, 117] . Such tapered structures are interesting if the SU-8 pattern is needed as master for a subsequent replication step because they provide a draft angle and facilitate demoulding [118] .
During irradiation, the incident light which penetrates the resist film is always reflected at the photoresist-substrate interface. Typically, the energy of the reflected UV is too low to initiate cross-linking of the resist, and therefore this effect is usually not considered. However, if the energy of the reflected UV is increased (by raising exposure times or by using reflective substrates) cross-linking may be initiated along the path of the reflected beam [111] . Figure 10(d) shows the structures obtained after single tilted exposure using a reflective Al-coated silicon wafer.
By modulated exposure
Recently, a number of novel approaches to generate multilevel structures from single resist layers have been demonstrated which avoid time-consuming multiexposure strategies. These are based on special masks and projection optics which allow modulated exposure doses of the resist film. This results in multiple depths of the exposed photoresist across the surface and, consequently, different heights of the photoresist structure remaining after development.
'Grey scale' lithography makes use of special photomasks which modulate the light intensity according to their grey levels. Two types of grey scale masks can be used: halftone chrome masks and high-energy beam sensitive (HEBS) glass masks. Halftone masks are essentially binary chrome masks with grey levels simulated by different densities of opaque pixels on a transparent background. HEBS glass masks are fabricated by exposing this glass to controlled doses of a highenergy electron beam, causing the reduction of silver ions in the glass. Areas of the mask with high concentrations of reduced silver ions correspond to high levels of grey shading. This method has been used to produce suspended 10 µm thick grid structures on the top of 15 to 100 µm high SU-8 pillars [119, 120] .
Grey masks are difficult and expensive to fabricate. Masks with a topographical pattern of a UV-absorbing photoresist with features of different heights can also generate differential UV doses and are more affordable [121] . Due to the absorption of UV energy by the photoactive and dye ingredients in the mask, irradiation doses vary according to the height of the mask features. Such masks have been fabricated by lithographic structuring of a AZ4620 resist layer on a glass substrate, followed by reflowing of the resist features to form hemispheres. Different curvatures were obtained by reflowing under various geometries, temperatures and time conditions. UV exposure of the SU-8 layer through such grey mask forms curved SU-8 structures due to the differential exposure dose.
Photolithographic masks containing scale coloured patterns printed on transparent films have also been used for modulated exposure [122] . Exposing an SU-8 layer through the coloured mask renders features with different heights as a consequence of the differences in the UV absorption by the colours, and therefore transmitted intensity to the SU-8 film. to form a periodic, sinusoidal intensity pattern in space. By exposing SU-8 to this illumination pattern, periodic structures are obtained after development. Different symmetry patterns can be generated by controlling the number, amplitude, phase, wave vector and polarization of the interfering beams. Twobeam IL creates 1D surface relieves. 2D gratings can be produced by overlaying two sequential exposures at 90
By holographic lithography
• or by interfering three beams. Using additional beams in a single exposure or overlaying multiple exposures, 3D periodic structures can also be fabricated.
Theoretical works have predicted the appropriate laser beam configurations to achieve different periodic 3D structures (e.g. bcc, fcc, gyroid or diamond symmetries) [123, 124] . Among them, only a few have been manufactured [125] [126] [127] [128] [129] [130] [131] [132] . Four-beam IL has proved to give fcc [126, 127] (figure 11), simple cubic, bcc [128] and diamond-like [129, 130] SU-8 patterns. The interference pattern of six equally spaced circumpolar linearly polarized side beams and a circularly polarized central beam has been used to fabricate spiral microstructures [131] . The pitch and separation of the spirals were varied by changing the angle between the side beams and the central beam. Ten-beam IL has produced 3D periodic quasicrystals [132] .
The spatial light intensity distribution within the interference pattern generates a spatial distribution of elastic and plastic properties of the fabricated structures, with higher mechanical properties observed at the nodes [133] . 3D structures of this kind can be considered as composite networks with potentially peculiar properties associated with the nonuniformity of their internal elastic properties. Initial experiments with 2D patterns have shown their capability of highly plastic deformation, a property which is not expected from glassy, highly cross-linked SU-8 films [133] .
The periodic structures obtained by IL find preferential application in photonics. This application requires resist materials with a refractive index >2 to open omnidirectional band gaps. Therefore, structures formed from SU-8 (n = 1.6) are not appropriate for this application. Instead, they have been used as templates for inorganic structures with a larger index contrast, whereas the SU-8 pattern is infiltrated with silica precursors and burned away. The remaining silica negative is then filled with silicon and the silica is selectively etched away.
Alternatively, the refractive index of SU-8 layers has been modulated taking advantage of the higher refractive index of thermally cross-linked SU-8 (at T > 137
• C) versus that of cross-linked SU-8 after UV exposure (1.5930 and 1.5858, respectively) [58] . The 0.0072 refractive index difference is a consequence of the lower solvent content and therefore higher density of the thermally cross-linked material due to the long thermal treatment time. Exposing a 44 µm SU-8 film to UV irradiation through a mask with a pixel size of 15 µm and a mean resolution of 2.11 µm, followed by a postexposure baking at 95
• C and a thermal baking at 170
• C (no development!) yields an SU-8 film with a lateral modulation of refractive index in exposed/non-exposed regions.
By stereolithography of resist multilayers
Stereolithography historically refers to the technology of creating 3D objects from computer aided design patterns by adding and exposing photoresist layers to scanning UV lasers. When the process is repeated sequentially after adding new resin layers on top of the cured one, 3D structures can be created with micrometre precision [134] .
By laser scanning of single resist layers
Nd:YAG lasers operating at a wavelength of 355 nm have been used to expose the SU-8 photoresist through a twoaxis scan head and expander lens [135, 136] . This exposure method produces a nonuniform distribution of laser power along its incident axis. By this means, in-plane and in-depth processing is achievable by controlling the current to the pump diodes and by varying the focus level to yield the desired exposure energy at the appropriate spot in the photoresist. This method allows the fabrication of microfluidic components such as cantilevered valves, embedded channels and other shapes requiring gaps between layers from a single SU-8 layer. The reported maximum scan field size is 100 × 100 mm 2 , while the minimum spot size is 20 µm. This limits the lateral resolution of the patterned features.
In the last few years, picosecond and femtosecond lasers have been used for 3D structuring to achieve higher precision exploiting two-photon absorption (TPA). Conventional electronic transitions caused by the absorption of a single photon of energy hν 1 may be produced by the simultaneous absorption of two photons, each photon providing half the energy of the transition (hν 1/2 ). The probability of a molecule absorbing two photons simultaneously (defined by the TPA cross section, δ TPA ) is proportional to the square of the intensity of the input beam. This implicates that two-photon absorption requires the use of very powerful lasers and occurs only at the focal plane where the intensity is maximized. As a consequence, processes based on TPA present much higher lateral resolution than those based on single-photon absorption.
Although selection rules for single-photon and twophoton excitation are different, most resins that polymerize under UV exposure can undergo similar reactions by TPA, • phase shift between adjacent spirals [140] .
provided that the irradiation intensity is high enough. This seems to be the case for SU-8, as patterns with pillars, planes and cage microstructures [52, 137, 138] and 3D nanostructures with lateral sizes as small as 120 nm [139] have been obtained by this technique ( figure 12 ). Photonic structures with spiral architectures have been obtained from SU-8 layers using a femtosecond Ti:Sapphire laser with a central wavelength at 800 nm and are shown in figure 12 [140] [141] [142] . Other authors have combined IL to define a periodic host photonic crystal, and a scanning two-photon excitation laser to create a waveguide and embedded microcavities at a depth of 5 µm in a 12 µm layer [143] . A recent report suggests that exposure of SU-8 to femtosecond lasers may directly induce localized thermal polymerization as a consequence of a temperature rise at the focal region [144] . This mechanism allows direct development after exposure without the need of a post-bake process and therefore the fabrication of patterns with smaller lateral size.
Discussion
SU-8 can be processed with a number of patterning techniques to render high-aspect-ratio and 3D submicron structures. The irradiation source and configuration used for processing determine the maximum lateral resolution, aspect ratio and geometrical complexity of the patterned features. Simple SU-8 structures (pillars and walls) with aspect ratio above 100 but a maximum lateral resolution of 8 µm have been reported after UV exposure. Better lateral resolution (<1 µm) maintaining high aspect ratios has been achieved using x-rays. High-energy beams may render even smaller structures, but with limited aspect ratio. It is worth to mention that these techniques are not available at any research lab and are not suitable for industrial implementation due to their high cost and low throughput.
Photolithographic patterning of complex SU-8 structures is possible using multiexposure methods. The complexity of the achievable designs correlates with the number of coating/exposure steps and this limits the industrial implementation of these strategies. Interference lithography provides increased throughput in 3D patterning at the cost of reduced flexibility of pattern geometry (only symmetric structures).
Two-photon laser scanning overcomes the flexibility issue and allows serial writing of arbitrary geometries. However, writing speeds are slow and costly high intensity laser beams are required.
Some of the difficulties of SU-8 processing may be overcome with improved formulations of the system. In this context, SU-8 based resists containing silica nanoparticles up to 15 wt% have been recently described [145, 146] . These systems seem to show higher sensitivity and lower expansion coefficient than the unreinforced SU-8. Particle loadings below 2.5 wt% result in better resist adhesion to the substrate, lower stress and less cracks after processing without compromising the lateral resolution and the vertical sidewall profiles. Above this value, the resolution decreases drastically, followed by a difficulty to develop the exposed parts of the photoresist. The silica particles are abrasive and therefore decrease the wear rate and frictional coefficient of the unreinforced SU-8 material.
In addition, novel formulations may expand the application field of SU-8. As an example formulations of SU-8 resist with conductive properties have been reported [147, 148] . These contain silver nanoparticles in concentrations above the percolation threshold (6 vol.%). Depending on the silver volume fraction, the composite structures show electrical resistivities between 10 4 and 10
−4
cm. As a consequence, the conductive photoresist can be used for direct manufacture of electrically conductive microcomponents.
